It has been known for some time that myosin does not migrate readily under the normal conditions of gel electrophoresis unless dissociating agents are present. In an early study Small, Harrington & Kielley (1961) reported that myosin migrated as a single band on acrylamide gel in 12M-urea, whereas on starch gel in 8M-urea Mueller & Perry (1962) observed a three-band pattern with a dense central band. It was not appreciated until the work of Stracher and collaborators (Gershmann, Dreizen & Stracher, 1966; Dreizen, Gershmann, Trotta & Stracher, 1967 ) that the material migrating under these conditions was the low-molecularweight material responsible for the slowly sedimenting components observed when myosin preparations were studied in the ultracentrifuge in the presence of dissociating agents (Tsao, 1953; Wetlaufer & Edsall, 1960) . Since the work described in the present paper was completed Florini & Brivio (1969) have reported conditions under which the large subunits of myosin will migrate on electrophoresis.
From electrophoretic and hydrodynamic studies Stracher and collaborators concluded that the myosin molecule contains three small units per molecule, although on hydrodynamic data alone Frederiksen & Holtzer (1968) suggested that there were two. From several studies (Gaetjens, Barany, Bailin, Oppenheimer & Barany, 1968; Locker & Hagyard, 1967 Florini & Brivio, 1969) the electrophoretic behaviour appears complex and the number present variable. Removal of these components from myosin results in a loss of adenosine triphosphatase activity, but Gaetjens et at. (1968) were unable to restore enzymic activity to the heavy component by readdition of the light components. On the other hand Frederiksen & Holtzer (1968) and Stracher (1969) have reported that enzymic activity can be restored in part on addition of the light components to the heavy fraction. This property clearly suggests an important role of the light components in the biological activity of myosin, as do the findings of Locker & Hagyard (1968) that the subunits obtained from acetylated myosin were characteristic for the type of myosin. The recent reports that a light component can be removed from myosin by treatment with 5,5'-dithiobis-2-(nitrobenzoic acid) without loss of enzymic activities (Weeds, 1969;  Gazith, Hinmmelfarb & Harrington, 1970) , however, indicates that the role and precise nature of the low-molecular-weight components of the myosin molecule are far from understood.
The present investigation was undertaken to attempt to characterize more precisely the lowmolecular-weight components with a view to studying their significance for the biological function of the myosin molecule. A consistent band pattern has been described that is characteristic of the muscle type but not of the species from which the myosin is prepared. It is suggested that the variation in band pattern obtained with myosin from different types of muscle arises from differences in isoenzyme composition of the protein. Some of the findings have already been briefly reported (Perrie, Perry & Stone, 1969) .
METHODS
Preparation of myo8in. Myosin was normally prepared from rabbit muscle by the method of Trayer & Perry (1966) . This involves initial extraction with a medium containing 10mM-Na4P2O7 and 1mM-MgCl2 to decrease the amount of actomyosin extracted. Longissimus dorsi muscle was used for preparations from adult white muscle, the soleus and the semitendinosus muscles for adult redmuscle preparations and hearts were extracted for cardiac myosin. Unless otherwise stated all solutions used in the preparations contained 10mm-mereaptoethanol.
Preparations were also made from muscle dissected from the back and legs of the rat and hamster, and breast of the pigeon and fowl. The whole eviscerated skinned carcass, from which the head and feet had been removed, was minced for the initial extraction of myosin from the mouse and the foetal and 1-day-old rabbit.
Preparation of actin. Actin was prepared by the method described by Johnson, Harris & Perry (1967) .
Preparation of sarcopla8m. Sarcoplasm was prepared by homogenizing longissimus dorsi muscle of the adult rabbit in 3 vol. of 0.25M-sucrose in a Waring Blendor, and centrifuging at 100000g for 2h to remove all particulate material.
Electrophoresi8. Vertical polyacrylamide-gel slab electrophoresis was performed by a modification of the method of Akroyd (1967) . The rubber-tubing spacers described were used only when large sample volumes were run. It was found to be more convenient to cast a gel with sample slots in the top with the aid of a toothed former.
Both running and gel buffers contained 20 mM-trisglycine buffer, pH8.6. The use of a 12-fold-concentrated stock solution of this buffer enabled gels containing 40% (v/v) of glycerol or 8 M-urea to be conveniently made up. Running buffers contained 6M-urea for urea gels.
All gels described in this paper were 10% (w/v) Cyanogum 41. A 25ml volume of solution containing 20 % (w/v) of Cyanogum and 0.25ml of ,B-dimethylaminopropionitrile was made up. For an 8m-urea gel, 24g of urea was added, dissolved by stirring and the final volume made up to 50ml. Immediately before pouring of the slab, 1 ml of 5% (w/v) ammonium persulphate was added and the solution quickly stirred. Glycerol gels were prepared by adding 20ml of glycerol in place of the urea in the above procedure. Usually about 20,ul samples in 8M-urea containing 5mg of protein/ml were layered on to the gels. Myosin and tropomyosin samples had to be layered on to all gels in 8M-urea because of their insolubility or high viscosity respectively at low ionic strength. Water-soluble components were layered on to glycerol gels with glycerol in the sample solutions to make them denser than the running buffers.
In the preparative procedure (see below) it was necessary to remove all the guanidine hydrochloride by dialysis before electrophoretic study of the fractions in 8 m-urea.
Chromatography. DEAE-cellulose chromatography of myosin was carried out in the presence of 10mM-mercaptoethanol by the method of Trayer & Perry (1966) . DEAE-Sephadex was used for separation of the lowmolecular-weight components as described in the text. In all cases chromatography was carried out at 2-4°C.
Isolation of low-molecular-weight components of myosin. On some occasions, and particularly in the earlier studies, samples of mixtures of light components were prepared by treating myosin (lOmg/ml) for 15h with the agent specified in the text (see the Results section) and then dialysing against three changes of a buffer prepared by diluting 15-fold the extraction buffe rused for the myosin preparation (Trayer & Perry, 1966) . The precipitate obtained after dialysis was spun down, leaving lowmolecular-weight components in the supernatant.
Better yields and some separation of individual components were obtained as follows. About 2.5g of myosin as the gel (in 0.05m-KCI after the final precipitation stage) was suspended in water, and solid guanidine hydrochloride and mercaptoethanol were added to bring the final concentration to 5M and 10mM respectively in a total volume of 250ml. The solution was allowed to stand in the cold for 3 h.
The solution was then diluted, slowly and with stirring, first with 250ml of cold water and then with 1 litre of cold ethanol. The filocculent precipitate was removed by low-speed centrifugation. The supernatant contained the four components from myosin that migrated into an 8M-urea gel on electrophoresis. The precipitate contained all the material that remained at the origin under these conditions and only a trace of the low-molecular-weight components.
Preparation of troponin and tropomyosin. 'Natural' actomyosin was extracted from myofibrils prepared by the method of Perry & Zydowo (1959) with the modification that the Weber's solution used for extraction contained 10mM-mercaptoethanol, and precipitated as described by Schaub, Perry & Hartshorne (1967) . The natural actomyosin was washed with sufficient cold water containing 10mM-mercaptoethanol to decrease the ionic strength to 2 x 10-3. After being kept overnight the suspension was sedimented at 33000g for 30min and the supernatant was freeze-dried. All procedures were carried out at 0-20C.
The freeze-dried powder was dissolved in 1 M-KCI containing 0.5mM-dithiothreitol and the pH adjusted to 4.6. The precipitate was removed by centrifugation and the supernatant dialysed against 5 mM-tris-HCl buffer, pH7.6, containing 0.5mm-dithiothreitol. This supernatant contained about 4mg of protein/ml and consisted of principally troponin with some tropomyosin.
Preparative electrophoresis. An adaptation of the disc electrophoresis method of Davis (1964) was used as a preparative system. About 2.5cm of gel was set in a Quickfit B19 cone sealed at the bottom with Parafilm.
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After removal of the Parafilm a short length of 24/32 Visking tubing was attached to the cone with an elastic band. This was immersed in the lower buffer tank and the top of the cone was fitted into an upper reservoir through a rubber bung. After running, the gel was sliced and stained in Amido Black to check that all the protein had run off the bottom. The dialysis tubing containing the material that ran in the gel was then carefully removed. RESULTS Electrophoresis of adult rabbit white-muscle myosin. On polyacrylamide-gel electrophoresis in 8M-urea at pH 8.6, myosin prepared in the presence of 10mM-mercaptoethanol and dissolved in 8M-urea gave four main bands. Numbered in order of decreasing mobility these bands are referred to as Mll, M12, M13 and M14 (see Fig. la ).
In all electrophoretic runs of myosin, however, a considerable amount of material was left at the origin. Even in 8M-urea gels, and when the myosin was treated with 8 M-urea for some time before application, most of the protein did not enter the gel. It was estimated that components Ml,, M12, M13 and M14 represented at the most about 10-15% of the total protein applied.
In myosin preparations that had been stored several faint bands moved a short distance into the gel in addition to the four bands described above. The very slow bands were absent or very faint in fresh myosin, but even in these preparations faint bands moving just in front of bands MI, and M14
were also often observed (see Fig. 1 ). The number of faint bands of fast mobility, however, markedly increased on storage and the intensity of bands Ml1-M14 simultaneously decreased until a very complex multiple-band picture was obtained. These changes, particularly those occurring on storage in 8M-urea, could be decreased by the addition of mercaptoethanol to the myosin samples. Likewise storage at low temperature and low pH values ( Fig. 1 ) significantly decreased the rate at which the band pattern changed. It was concluded that, although skeletal-muscle myosin normally contained four electrophoretically distinct components, these were readily modified to material represented by the minor bands.
If myosin had been previously treated with 8M-urea or simply applied in 8M-urea solution to a 10% gel containing 20mm-tris-glycine buffer, pH 8.6, the low-molecular-weight components moved into the gel. The pattern was diffuse, but could be sharpened by increasing the gel strength to 15-20%. Band separation was poor, however, but was improved by including 40% glycerol in the 10% urea-free gel. A four-band picture was obtained with myosin under these conditions, but the M12 and M13 bands were relatively fainter than in the pattern obtained with 8m-urea present in the gel. The relative speeds of migration were different in the 40%-glycerol and 8M-urea gels for in the former case if the gel was overloaded components M13 and M14 did not separate at all and stained as a single band (compare Fig. 2b with 2c and Fig. 2a  with 2d) . In general for a given preparation the band pattern obtained in 40% glycerol was less complex than that obtained in 8m-urea, implying that resolution was better in the latter system. Myosin that had not previously been treated with a dissociating agent did not migrate into the glycerol gel at all.
Non-identity of myosin band components with components of other muscle proteins. In view of the known strong tendency of the myofibrillar proteins to interact with each other and the consequent difficulties in obtaining pure preparations, an attempt was made to relate the electrophoretic band pattern obtained with myosin with those of other muscle proteins, which might be present as impurities in the myosin. This was carried out by studying the electrophoretic patterns obtained with preparations of the purified protein treated with urea, run alone and mixed with myosin on gels containing urea. Actin tended to give a complex picture, but the main component was slower than any of the main bands obtained with mnyosin. Likewise none of the four bands appeared to be identical with the components of the troponin complex (Schaub & Perry, 1969) , tropomyosin or the major components of whole sarcoplasm.
If the bands represented contaminants it would be expected that myosin at different stages of purification would show different band patterns. This was not the case, for a very similar pattern was obtained at each of the three precipitation Bioch. 1970, 119 Vol. 119 stages of myosin preparation. On DEAE-cellulose chromatography of myosin the band pattern became complex. If these changes were diminished by the addition of mercaptoethanol it was apparent that the four-band pattern was little affected by chromatographic fractionation on DEAE-cellulose or DEAE-Sephadex A-25. To minimize changes in the band pattern most electrophoretic studies were carried out on freshly prepared myosin gel after-the third precipitation step. Ammonium persulphate, used as the catalyst for polymerization of the polyacrylamide gel, has been reported (Brewer, 1967) as causing an increase in the number of bands on electrophoresis. After a 2h pre-run of the gel the band patterns obtained with myosin were identical whether ammonium persulphate or riboflavin was used as a catalyst.
Effect of initial extraction conditions on the electrophoresis pattern of myosin. Myosin extracted under the standard conditions (0.3M-potassium chloride, 0. 151M-potassium phosphate buffer, pH 6.5, 10mM-sodium pyrophosphate and 1 mM-magnesium chloride; I approx. 0.6) always gave a four-band pattern on electrophoresis in 8M-urea. If the initial extraction was carried out in 0.15 M-potassium chloride-75mM-potassium phosphate buffer, pH 6.5 (I approx. 0.3), a three-band pattern was obtained on electrophoresis. The missing band was M12, and band M13 was denser relative to bands MI, and M14 than in the normal four-band pattern (Fig. 2a) . A gradual change in the pattern from the threeband to four-band occurred if the ionic strength of the extraction buffer varied between these limits so long as the concentration of the muscle was kept Ionic strength was not the only fractionation into all four low-molecular-weight g the proportions of components components was obtained by applying the super-;ent, for it was noted that, even natant containing all four low-molecular-weight vas carried out at the higher ionic components to DEAE-Sephadex A-25 (Fig. 4a) . tions containing more component Band pattern in different species and muscle types. Lent M12 could be obtained if the The four-band pattern present in rabbit skeletaltion was high, i.e. 1:2 (w/v). On muscle myosin was consistently observed with minced muscle was extracted with myosins from the skeletal muscle of several species 1:10 w/v), at high ionic strength including mouse, rat, hamster, pigeon and chicken. nent M13 was present whereas the The four bands of the three mammalian species vas much increased ( Fig. 3 and were very similar in mobility, whereas in the ificant differences in the adenosine chicken bands M11, M12 and M13 and in the pigeon ctivity measured in 25mM-tris-all four of the bands ran faster than their rabbit buffer (pH 7.6)-2.5mm-tris ATP-equivalent (Fig. 5) . hloride (Schaub & Perry, 1969) On the other hand the electrophoretic patterns myosin preparations containing of myosin isolated from red and cardiac muscles of ns of components MI2 and M13.
the adult rabbit by initial extraction in the standard ive amounts of components M12 buffer showed clear differences from myosin of as though they were intercon-white muscle both in 8M-urea and glycerol gels.
unts of each form depending on In myosin from red muscle the MI, and M12 comlion conditions of the myosin from ponents were diminished in intensity and they were le. In general extraction at lower absent from cardiac myosin (Fig. 6) Myosin isolated from skeletal muscle of the elative amounts of components 1 -day-old rabbit gave a similar electrophoretic pattern to that from adult red muscle. Neonatal re low-molecular-uweight comnponents or foetal muscle myosin gave a more complex band iber of methods were investigated pattern than that obtained with adult whiter the low-molecular-weight com-muscle myosin, which usually increased in com- was sufficiently rapid, however, the band picture was simplified after DEAE-cellulose column chromatography. Myosin from the 1-day-old rabbit purified in this way gave an electrophoretic picture similar to that of adult red muscle, althouigh it was somewhat obscured by additional fine bands.
DISCUSSION
The variable reports in the literature on the number of components of low molecular weight present in myosin isolated from skeletal muscle have probably arisen because of the failure of investigators to appreciate the inherent instability of the components and the effect of the conditions for the initial extraction of the muscle mince on their relative proportions. When myosin was extracted from skeletal muscle under the standard conditions (see the Methods section) a similar pattern consisting of four distinct electrophoretic components was obtained in all species studied, although some general differences in mobilities were apparent between avian and mammalian species. Minor bands, present in greater numbers in aged preparations and those in which special precautions (see the Results section) had not been taken, are presumed to be due to modification of the main components Ml1-M14. The variation in pattern in myosin extracted from slower and less specialized muscles such as the red and foetal skeletal and cardiac types can be explained as being due to differences in the proportions of isoenzyme forms in the myosin present in these muscles (Perrie et al. 1969; Perry, 1969 Perry, , 1970 
